Transitions to higher electronic states of polyacetylene cations (HC 2n H + , n = 4, 5, 6) have been measured in the gas phase at ∼20 K. The absorption spectra were obtained using a resonant two-color, two-photon fragmentation technique in an ion trap, allowing a direct comparison between laboratory and astrophysical data. The purpose was to investigate the relevance of such transitions to astronomical observations because the general expectation is that the bands could be too broad due to fast intramolecular processes. It is shown that the origin bands are still narrow enough (1-10 cm −1 ) to be considered, especially as the higher-lying transitions often possess large oscillator strengths.
INTRODUCTION
Diffuse interstellar bands (DIBs) were discovered nearly a century ago but the carriers have remained unidentified in spite of the intense laboratory and theoretical research (Snow & McCall 2006; Herbig 1995) . Their origin has been related to carbon-containing species (Jochnowitz & Maier 2008 ) and at present, about 380 DIBs have been cataloged (Jenniskens & Désert 1994; Hobbs et al. 2008) .
A contribution to the identification of DIBs may come from an analysis of their band profiles, which carries the spectroscopic information of a particular molecule or ion. Within the band shape and width, lies insight into the rotational temperature and excited-state lifetime of the absorbing species. Many DIBs have an FWHM up to a few cm −1 , corresponding to an excitedstate lifetime in the range of picoseconds. However, questions can be raised about higher excited states within the electronic spectrum because they may fall in the visible region and can have large oscillator strengths compared to that of the lowest dipole allowed excitation of a particular molecule: are these excited states of an absorbing species relevant to astronomical measurements or are they significantly broadened due to short, excited-state lifetimes?
Ideal candidates for laboratory studies must be species with strong electronic transitions and within the wavelength region where DIBs are observed. Polyynes and their derivatives are believed to play a role in interstellar environments (Bell et al. 1982; Fulara et al. 1993; Kratschmer 1993; Freivogel et al. 1994; Cernicharo & Guélin 1996) ; however, there is little knowledge about their higher excited states. Some of the short wavelength electronic transitions lie in the DIB range (400-900 nm) and can have strong oscillator strengths for their π -π excitations (Zhang et al. 2009 ). This is a well-known phenomenon and the higher excited states were computationally studied for polyyne cations (Bally et al. 1992; Sobolewski & Adamowicz 1994; Cao & Peyerimhoff 2001; Komiha et al. 2006; Zhang et al. 2009 ).
Polyacetylene cations HC 2n H + have been investigated in terms of their astrophysical relevance for some time; the origin bands of the A 2 Π ← X 2 Π transition were studied for n = 2-8 in the gas phase for this purpose (Dzhonson et al. 2007; Cias et al. 2002) . However, rotationally resolved 0 0 0 bands of the A ← X transitions were only obtained for the chains n = 2-4 ( Lecoultre et al. 1988; Klapstein et al. 1984; Sinclair et al. 1999; Pfluger et al. 2000 Pfluger et al. , 1999 with no direct matches with observed DIBs. Recently, the higher electronic transitions of the excited states were observed in neon matrices at 6 K (Fulara et al. 2007) .
In this work, the origin bands of higher electronic transitions of HC 2n H + , n = 4, 5, 6 in the gas phase have been observed for the first time. The absorption spectra were measured using a resonant two-color, two-photon fragmentation (R2C2PF) technique in a 22 pole ion trap, where the rotational temperature of the ions was ca. 20 K, allowing for a direct comparison between experimental data and astronomical measurements.
METHOD: LABORATORY
Polyacetylene cations were created using electron impact (15-25 eV) on an effusive beam of diacetylene gas. The apparatus has been described elsewhere (Rudnev et al. 2008) . Ions created in the source were deflected by a magnetic field into a hexapole ion guide, which transmitted them into the first quadrupole for mass selection. The mass resolution was ± 0.5 u and a 36 mm long 22 pole ion trap was filled with ions for 20 ms (Gerlich 1992) . The approximately 3000 stored cations were collisionally cooled with a continuous flow of cryogenic helium (ca. 8 K), thermalizing the rotational and vibrational degrees of freedom.
Cold ions were then probed using the R2C2PF technique, where the first color is tunable radiation from a dye laser (0.15 cm −1 ). Ions were sequentially probed by a fixed wavelength from an optical parametric oscillator laser (8 cm −1 ). The frequency of the second color was chosen in a way that the energy of the two photons exceeds the photofragmentation threshold. The fixed photon energy was 5.05, 4.43, and 5.17 eV for HC 8 H + , HC 10 H + , and HC 12 H + , respectively. After resonant excitation the photodissociation products were released from the ion trap by lowering the exit potential. The second quadrupole was tuned to the fragment mass and set to collect the signal from the dissociation products C 3 , C 3 H, and C 3 H 2 , simultaneously. Spectra were obtained by monitoring the fragment ions, while scanning the first color over an electronic transition. Broadening was avoided by using a laser power less than 100 μJ. Figure 1 . Measured origin bands of higher excited transitions in the gas phase of (a) HC 8 H + :
RESULTS AND DISCUSSION
and (e) HC 12 H + : D 2 Π u ← X 2 Π g using an R2C2PF approach. 
the singly occupied molecular orbital (SOMO). The B 2 Π u/g , C 2 Π u/g , and D 2 Π u/g excited states are derived from the excitation from the SOMO to lowest-unoccupied molecular orbital, giving rise to higher energetic electronic transitions.
The origin bands of the B 2 Π ← X 2 Π, C 2 Π ← X 2 Π, and D 2 Π ← X 2 Π electronic transitions of HC 2n H + observed in absorption are presented in Figure 1 and the wavelength of the band maxima is given in Table 1 . Photo-induced excitations occur from the Ω = 3/2 and 1/2 spin-orbit components, and ΔΩ = 0 (Hund's case a) transitions are observed. The expected relative intensity of the Ω = 1/2 transition is approximately 20% of that due to Ω = 3/2 according to the Boltzmann distribution at 20 K for HC 10 H + . The spin-orbit constants in the ground states are all around −30 cm −1 (Cias et al. 2002) . The 0 0 0 band of the A 2 Π ← X 2 Π transition for the longer polyacetylene chains is not rotationally resolved because the B constant of HC 10 H + , for example, is near 0.01 cm −1 and the best laser resolution obtained with an internal etalon is ∼0.03 cm −1 . The absorptions in 6 K neon matrices (Fulara et al. 2007 ) to the higher excited states of HC 2n H + cations provide a basis for the search for gas-phase spectra.
The lifetimes of the A 2 Π v = 0 level have been measured as 71, 17, and <6 ns by observation of the A 2 Π → X 2 Π emission spectra for the HC 2n H + chains n = 2, 3, and 4, respectively (Allan et al. 1976; Maier & Thommen 1980) . Therefore, polyyne cationic chains for n > 4 are not expected to fluoresce, having sub-nanosecond excited-state lifetimes. Calculations at the CASPT2 level of theory predict that the oscillator strengths f are an order of magnitude smaller to the B 2 Π excited state than to the A 2 Π state, whereas several orders less to the C 2 Π state (Zhang et al. 2009 (Zhang et al. 2009 ).
HC 2n H
+ n = 4-6
The B 2 Π u ← X 2 Π g transition of HC 8 H + was observed with an origin band maximum at 17 661(1) cm −1 , where the partially resolved P-and R-branches are also shown in Figure 1(a) . The FWHM of the 0 0 0 band is 3.4 cm −1 (Table 1) larger than the expected rotational profile and thus corresponding to an excitedstate lifetime of around a picosecond.
Higher excited electronic transitions of HC 8 H + were also investigated. The origin band maximum of its C 2 Π u ← X 2 Π g system is observed at 20 220(3) cm −1 (Figure 1(c) ). Another absorption feature is observed at 20 213(3) cm −1 , redshifted to the origin band. This cannot be a hot band because the ions are cooled to ca. 20 K; therefore, it comes from a transition to a vibrationally excited level (∼2600 cm −1 ) to the nearby B 2 Π u electronic state. The FWHM of the 0 0 0 band of C 2 Π u ← X 2 Π g system is 12 cm −1 (Table 1) , implying a lifetime in the C 2 Π u state of hundreds of femtoseconds. The A 2 Π g ← X 2 Π u transition of HC 10 H + was measured to deduce saturation effects which may cause broadening to the observed linewidth. The partially resolved origin band of this system was investigated to determine this (Figure 2 ). The previously determined molecular constants for the A 2 Π g and X 2 Π u states of HC 10 H + obtained by cavity ring-down spectroscopy (Cias et al. 2002) were used to simulate the rotational profile (Western 2009 ). The B 2 Π g ← X 2 Π u transition of HC 10 H + is observed at 15 464(2) cm −1 with an FWHM of 4 cm −1 (Figure 1(b) ). A clear P and R structure is not observed. The origin band is not as narrow as that of the A 2 Π g ← X 2 Π u transition; however, it is not significantly lifetime broadened, making it still of astrophysical relevance. A picosecond lifetime is inferred from its linewidth.
The origin band of the C 2 Π g ← X 2 Π u transition was also recorded to see the effect of lifetime broadening on higher excitation. The 0 0 0 band has a maximum at 17 664(3) cm
with an FWHM of 30 cm −1 , broadened due to intramolecular conversion (Figure 1(d) ). An excited-state lifetime of a hundred femtoseconds is deduced.
The D 2 Π u ← X 2 Π g transition of HC 12 H + was observed, Figure 1 (e), to have a broad origin band centered around 18 646(3) cm −1 . The FWHM of the band is ∼28 cm −1 , corresponding to a lifetime of a hundred femtoseconds.
RELEVANCE TO DIFFUSE INTERSTELLAR BANDS
The centrosymmetric polyyne cations cannot be probed by rotational spectroscopy. The presented gas-phase electronic transitions provide a means to their spectroscopic identification in media, such as in space. The objective of this paper was to determine experimental linewidths and locations of transitions to higher electronic states of carbon chain molecules which lie in the visible region and hence can be compared to DIB observations. A general phenomenon is that the lowest dipole allowed electronic transitions of carbon chains shift systematically to the red with increasing size of the system. Thus, only a limited number of members of a homologous series will fall in the window of DIB observations (∼400-900 nm). For example, with the polyacetylene cations HC 2n H + , the A 2 Π ← X 2 Π origin bands lie at 506.8 nm (n = 2), 600.2 nm (n = 3), 706.8 nm (n = 4), and 815.4 nm (n = 5). These have been measured in the gas phase and compared to DIB observations . The results were in all cases negative, leading to estimated upper limits of column densities of <10 12 cm −3 (Dzhonson et al. 2007 ). However, the longer chains, n = 4, 5, 6, having the A 2 Π ← X 2 Π transition in the nearinfrared would have excitations to higher states in the visible region.
The question addressed was if higher excited states should be considered. They should, provided that the FWHM of the band is comparable to the DIBs (0.1-30 cm −1 ), which corresponds to excited-state lifetimes of ∼50 ps to 0.2 ps. In this work, it was shown that some of the transitions do have linewidths of this magnitude in this region (e.g., B
2 Π ← X 2 Π transition of HC 8 H + and HC 10 H + ). Though in the case of polyacetylene cations no matches with DIBs could be found, the results stress the importance for considering the higher excited states for longer chains, both neutral and ionic. 
